Reproductive skew is the unequal partitioning of breeding within social groups. Mating hierarchies emerge wherein one dominant mating pair holds an unproportional majority of the group's reproductive benefit, while other members mate infrequently, yet allocate energy and resources toward the offspring of the dominant group members. In this paper, we use an agent-based model, which mimics mongoose populations, to investigate the effect of reproductive skew, specifically how reproductive skew affects how quickly individuals can become adapted to their environment. The results of the model show that reproductive skew does increase the rate of natural selection, which has possible practical implications in conservation biology.
Introduction
There exist a wide range of reproductive strategies among community living, mammalian species. For example, within some animal societies, one member greatly dominates breeding, while within other societies, breeding is distributed relatively equally among all society members. Reproductive skew is the study of how reproduction is partitioned and has been a long time interest of animal behaviorists attempting to answer questions such as how, and under what conditions, does reproductive skew emerge and how is it maintained despite the obvious disadvantages to non-breeding group members.
In an attempt to solve these biological puzzles, the notion of reproductive skew modeling was introduced in Vehrencamp (1983) where researchers first proposed a game theoretic model using genetic, as well as ecological, factors to explain and predict when reproductive skew can emerge. Despite the insight and novelty of these initial models, they vastly oversimplify reproductive skew resulting in poor predictive power. Consequently, in Keller and Reeve (1994) , the original skew model was expanded upon by integrating a simplified group formation model in order to make the theoretical more closely match the empirical question. From this point, the number of theoretical models explaining reproductive skew increased immensely in order to integrate important traits with the hope of improving model accuracy. In Johnstone and Cant (1999) , for example, the cost of caring for young was added to models and in Shen and Reeve (2010) all previously suggested models were incorporated into one synthesized framework. As evident from the vast number of skew models, generally, understanding the reasons for differences in reproductive skew has been the principal focus of research on cooperative breeding.
The dwarf and banded mongooses are perfect study subjects for reproductive skew researchers. Although the two species are similar in nearly all behavioral and life history traits, they have different reproductive strategies with different levels of reproductive skew. For this reason, a broad library of literature on reproduction of the two species exists. In Cant (2000) , researchers studied the level of control that dominant group members have on subordinate group members within banded mongooses, concluding that, among males, dominant members do not have complete control over the mating attempts of subordinates and that dominant females have no apparent control over the mating attempts of subordinates. In Gilchrist (2006) , however, researchers challenged the belief that dominant female banded mongooses have no control over subordinate reproduction by finding that abortion can be induced by the stress of female eviction, thus acting as an influential type of social control. While most studies of reproductive skew and, specifically, reproductive skew within mongoose populations, have thus far concentrated on the mechanisms of reproduction suppression and possible causation of skew; no studies have examined the evolutionary consequences of the varying reproductive strategies on the dwarf and banded mongooses.
Our goal is to understand and quantify the effect of reproductive skew on how quickly a beneficial trait can spread within a fixed population. We hypothesize that reproductive skew should increase the rate at which a beneficial trait can spread throughout a population. Studying evolution empirically gives rise to a myriad of complications. For example, evolution (and thus evolution by natural selection) is a slow process; it is impossible to gather observations on any evolutionarily relevant time scale. Next, there is the issue of subjectivity: how can researchers objectively measure and quantify evolutionary change via simple observation? Although gene sequencing is possible, it is extremely costly and virtually impossible over such a daunting time scale. Additionally, it would be difficult to study a stationary population over a long time due to genetic change from immigration and emigration.
Agent-based modeling is an intuitive method to study ecological systems as it allows researchers to include an array of details in their simulation, closely mimicking the population being studied. They provide a natural computer-based extension to biological experiments that are otherwise impossible to conduct in a lab or field setting because of cost, time, biological or ethical constraints.
Agent-based models (ABMs) are considered a ground-up approach. There is no central authority that controls agent behavior in order to optimize system performance and population behaviors are not explicitly programmed into the model. Instead, interactions between agents, which are encoded in algorithmic form in a computer program, and their local environments (agents may only interact with a subset of agents surrounding them in a two-dimensional topology) give rise to the higher-order patterns, self-organization and the behavior of the system as a whole. Within our study, we aim to understand the effect of reproductive skew, the explicitly programmed behavior, on the rate of natural selection, a higher-order phenomenon, making agent-based modeling a useful and appropriate tool.
ABMs give us the power to control for differences in the speed of natural selection due to other variations in behaviors and specifically isolate the effect of skew on the speed of natural selection. Additionally, an ABM suits our question over a compartmental model because it does not require the assumption of homogeneous populations. Unlike in a compartmental model, each agent in an agent-based model has a unique set of characteristics (such as life cycle details, genetics, etc.), which determine that agent's particular behaviors and interactions with other agents and the environment. This heterogeneity of agents across a population allows for a great range of diversity within the simulation. When studying reproductive skew, heterogeneity is a necessary condition. First, we must distinguish between behavior of dominant and subordinate group members. Next, to address conflicts between individual members of each group we must be able to account for withingroup heterogeneity within the model. For example, a healthier group member is more likely to fight for dominance than a less healthy group member.
Our model mimics two species: the banded mongoose and the dwarf mongoose. All of the behaviors in the model, which we will further describe in the paper, are modeled after an extensive literature review.
Although the purpose of this paper is specifically to understand the impact of reproductive skew on the speed of evolution, reproduction does not occur independently of other behaviors. We believe studying a theoretical, simulated population that solely has programmed reproductive behaviors could over-exaggerate the effect of reproductive skew. Therefore, we found it most appropriate and accurate to create a realistic simulation modeled after animal societies, including as many realistic behaviors as possible. Consequently, we modeled our simulation after two species, which behave significantly similarly in nearly all behavioral aspects except skew, in order to create a realistic study environment, while still isolating the effect of reproductive skew.
The two species of mongooses, which our model mimicked, are found on the Mweya Peninsula in Queen Elizabeth National Park in Uganda. These closely related species, which otherwise are strikingly similar in their ecology and behavior, differ markedly with respect to skew. The dwarf mongooses typically have a single breeding female per group, while almost all reproductively mature, female banded mongooses can breed. According to a previous study (Creel, Creel, Wildt, & Monfort, 1992) , the alpha females, those which control breeding and initiate pack movement, within a population of dwarf mongooses accounted for 219 of the 304 pregnancies (about 80%) despite subordinates outnumbering alpha females by more than two to one. Overall, only about 25% of all females, within a pack of dwarf mongooses, breed. The banded mongooses, on the other hand, have an egalitarian breeding society in which most females breed in each attempt. According to the same study, over 80% of females conceived during a breeding period with about 25% of the males in the pack.
In order to create our agent-based model we used the modeling platform NetLogo. NetLogo is an agent-based programming language and integrated modeling environment developed by Uri Wilensky of Northwestern University. NetLogo is very userfriendly. The main interface contains a two-dimensional spatial view of the model environment as well as sliders, switches and choosers that allow the user to isolate variables and adjust model parameters, and plots and monitors that allow users to measure outputs generated from the model. NetLogo is based on an objectoriented programming language and can be downloaded for free from https://ccl.northwestern.edu/ netlogo/index.shtml (Wilensky, 1999) .
The paper is organized as follows. In the next section we introduce our model as well as output variables and input parameters. In the third section we discuss our simulations as well as verification and sensitivity analysis. In the fourth section we include a discussion of our results, and finally in the fifth section we discuss the consequences of our results and comment on limitations and the potential for future work.
Model
The model is initialized with six groups of 32 members each, which is intended to mimic the population density on the Mweyan peninsula (Cant, Otali, & Mwanguhya, 2002) . Each member of the population has the following heterogeneous characteristics that determine their behaviors: age, whether or not they are the dominant member of their social group, group size and health.
Within the banded mongoose simulation, there is one dominant male in each group, which is initially the oldest male (Creel, Creel, Wildt, & Monfort, 1992 ) and females do not have a dominance hierarchy or exhibit forms of reproductive suppression (Cant, 2000) . We make the common assumption that younger, healthier males can challenge the dominant male within his group for reproductive dominance (Clutton-Brock, 1998) since body condition, in addition to age, has been found to be significantly related to dominance ranks (Luca & Ginsberg, 2001) . These younger, challenging males win the challenges with a certain, low probability. Within the dwarf mongoose simulations, females have a dominance hierarchy as well, with the oldest female initially holding the dominance (Creel, Creel, Wildt, & Monfort, 1992) . Young males in both populations emigrate when they reach adulthood to search for a new group to join, while females remain in the groups they are born in (Luca & Ginsberg, 2001) . We make another assumption that ungrouped males will join the first group that they randomly come in contact with, and both males and females can be exiled from their group if the group size becomes too large ( . 40 members) (Cant, 2000) and must then search for a new group. Additionally, if there are sufficient solitary males and females, they can form their own social group. Each group relocates every five days, and thus there is competition for territory, leading to intergroup conflicts, which are generally won by the larger group and result in death of young members of the losing group (Cant et al., 2002) . Individuals can die of old age, poor health, in a conflict between groups or if the population exceeds the carrying capacity, in which case, younger, solitary and less healthy members have a higher likelihood of dying. Sexually mature females reproduce synchronously three times a year (Cant et al., 2002) . Although synchronized reproduction is only reported within groups, we assume synchronized reproduction between groups as well for the sake of simplicity.
At the beginning of each simulated day each individual moves one unit in a random direction. If the individual comes into contact with the dominant member of the same sex in his or her group, then the individual will challenge the dominant member with a certain probability. We assume if the younger male wins, he will become the reproductively dominant member within the group, and if he loses, his health will be negatively affected. If the individual comes into contact with a member of the opposite sex within his or her group on one of the three breeding days per year, then they will reproduce with a certain probability, and the offspring will be born that day. If the individual comes into contact with a member of a different group then this member will initialize a conflict between the two groups. After a day each individual's age increases by one.
The output variable, central to this study, is the average ''beneficial trait value'' (BTV), which measures the speed of natural selection and can be thought of as any trait that makes an individual more suited to his or her environment and, consequently, gives this individual an advantage over his or her competitors. Initially, each member of the population is assigned a random BTV between 0 and 4, using the built-in Netlogo random(n) command, which is directly related to the competitiveness of the individual. Those with a higher BTV are more likely to challenge dominant group members for his or her reproductive dominance. When a male and a female mate, their offspring inherits the average BTV value and has a certain probability of developing a genetic mutation. We assume 90% of the mutations are deleterious, that is, they detract from the individual's BTV and 10% of the mutations are beneficial, that is they add to the individual's BTV value (Peischl, Dupanloup, Kirkpatrick, & Excoffie, 2013) . All individuals can reproduce within their social groups once they are sexually mature; however the dominant members have a much higher probability of reproducing, emphasizing the reproductive skew. For simplification, dominant members contributed to 75% of the pack's reproduction, while all remaining subordinate members contributed a combined 25%. Actual observed reproductive patterns report dominant members contributing 73-79% of reproduction (Creel, Creel, Wildt, & Monfort, 1992 ). Within our model, there exist two discrete ranking categories: dominant and subordinate, as opposed to varying levels of linear rank among subordinates. Therefore, we make the reasonable assumption that all subordinate members, regardless of age or competitive ability, have the same probability of reproducing (Luca & Ginsberg 2001) .
The model also contains global input parameters for which the values are not explicitly known, such as carrying capacity, inter-group aggression, which determines how likely a pup is to die when two groups confront each other, ranking system, which determines the relative importance of age over health in the dominance hierarchy, and challenge probabilities, which determine how likely subordinate males and females are to challenge dominant males and females within their groups for their reproductive dominance as well as how likely the subordinate group members are to win these challenges. Since the values of these parameters are not explicitly known in the literature, our model allows them to be adjusted on the user-interface within biologically feasible conditions. Global parameters are kept at their mid conditions for all of our simulations. Assumed feasible input parameter ranges are given in Table 1 .
Simulations, verification and sensitivity analysis
We aim to compare the mean BTV of populations exhibiting skew and the mean BTV of populations not exhibiting skew to determine the effect of skew on the rate of natural selection. Due to the random behavior that is present throughout the entire process, long term patterns can be detected better by implementing multiple simulations. We chose to run each simulation 150 times for 500 years. To determine the length in simulated time of each of our simulations we first run each model (skew and no skew) for 1000 years and determined that BTV increased at a constant rate. Therefore, we decided to run each simulation for 500 years in order to save computational resources, while still studying an evolutionarily relevant time scale. Next, we had to determine how many data points to collect for our study. To do this we analyzed the change in variance between subsequent simulations by adding an additional data point. For example, we ran our initial two simulations and calculated the variance of the two data points. We then ran a third simulation and calculated the variance of the three data points. We continued this process until the variance became constant. Or, in other words, we continued until we were not gaining any additional information from collecting more data. We, however, did have the requirement that we must collect the same amount of data on populations with skew and populations without skew. Therefore, we had to continue collecting data until the variance between simulations of both skew and no skew became relatively constant. This occurred after 150 simulations of each. All data are collected using the built-in Netlogo application Behavioral Space and all statistical analysis is done with the Excel package Real Statistics (Zaiontz, 2013) .
In order to perform model verification we run 30 simulations in each of the two extreme cases. In the first case we set all parameters to values expected to expedite natural selection. For example, BTV determines inheritance of dominance over age, and non-dominant males and females challenging a less healthy dominant member in their group had the maximum likelihood (10%) of winning the challenge. There was no aggression or conflict between groups and the population did exhibit skew. On the other extreme end, we set all parameters to values likely to deter the speed of natural selection. In this scenario, age determined inheritance of dominance over health. Challenging males only had the minimum likelihood (1%) of winning a challenge against less healthy dominant members for mating privilege, groups were very aggressive and the population did not exhibit skew. As expected, conditions described in the first scenario give us very high population average BTV values (mean = 10.53), while conditions described in the second scenario result in very low BTV values (mean = 4.68), allowing us to conclude that our model was properly implemented. Since the distinction between the extreme cases is so large, we believe 30 simulations was sufficient to determine a pattern, instead of 150. Means and 95% confidence interval (CIs) of the two extreme cases are shown in Figure 1 .
Finally, we analyze the sensitivity of the parameters we believe to be most influential in the model using a one-way, variance-based analysis. Our results, which are summarized in Figure 2 , determine that challengeprob, which determines how likely a non-dominant member is to win a challenge against a dominant member, had the largest effect on BTV because the range of challenge-prob values yielded the largest variance in BTV outcome. The BTV outcome was less sensitive to changes of the elder and aggression parameters. Although the results were not surprising, we believe they provide valuable insight as a future research avenue. A similar method could be used to determine the Aggression (group sizes equal) 0.6-2% aggression (group sizes unequal) 0.9-9% Challenge-prob 0.9-9% Male-challenge 1-5% Female-challenge 1-5% Ranking system 10-1000 Carrying-capacity 0-360 sensitivity of all parameters not included within the scope of our analysis.
Results
The results from our 150 simulations led us to conclude that the mean BTV of populations with skew after 500 years was significantly higher than the mean BTV of populations without skew after 500 years. The summary statistics are given in Table 1 , frequency distributions of average BTV within simulations with and without skew are displayed in Figures 3 and 4 , respectively, and the 95% CIs of the mean BTV of the two scenarios are displayed in Figure 5 .
To analyze the statistical significance of our results we performed a Welch's t-test to compare the means of our two samples. Under Welch's t-test we assume that both samples come from normal probability distributions; however, unlike a regular pooled t-test, we do not need to guarantee that the variances of the two samples are equal. We checked the normality assumption using a Shapiro-Wilkes test, which generated p-values of 0.98 and 0.976; therefore, we can safely assume that both samples come from a normally distributed population. As listed in the summary statistics, the standard deviation of our skewed data is 0.929, while the standard deviation of our unskewed data set is 0.595 (Table 2) . We performed an F-test to determine whether these variances of each data set are statistically different. This test resulted in a p-value of 8:97 3 10 À8 . We therefore have sufficient reason to reject the null hypothesis that the variances between samples are the same for the alternative hypothesis that the variances between the samples are statistically different. Due to this difference in variance between the samples, we perform the Welch's t-test. Our Welch's t-test gives us a p-value less than 0.0001. By conventional criteria, this difference is considered to be statistically significant. Therefore, we can reject the null hypothesis that the sample means are equal. All test statistics are summarized in Table 3 . It is evident that BTV among simulations with skew is significantly higher than fitness of groups without skew. This result is further emphasized by the non-overlapping 95% CIs given in Figure 5 and the graphs of BTV with time in a single 400,000 day simulation with and without skew seen in Figure 6 . We therefore can conclude that natural selection is able to act more quickly on groups exhibiting reproductive skew and thus skewed breeding has a positive impact on how quickly a beneficial trait can spread throughout a population.
Discussion
Based on our model we conclude that a skewed breeding system does affect the speed of natural selection in that groups with a skewed mating structure will more quickly evolve beneficial traits than groups that do not have a skewed mating structure. This means that skewed populations should be more able to adapt to a changing environment. This result holds importance from a conservation perspective in lieu of climate change and habitat shift. Perhaps species that have a skewed breeding system will be more likely to survive, given current issues of global warming, and be more able to adapt to their rapidly varying habitat. This information could be useful to conservation agencies in deciding how to optimally allocate funds.
Additionally, our results can have implications for computer algorithms. The genetic algorithm is in principle a natural-selection-based search technique that is used for optimization. If reproductive skew speeds up the rate of natural selection, it can possibly also be implemented in the genetic algorithm in order to make it more efficient.
Finally, our results are consistent with reasonings behind the constructal law introduced in Bejan & Zane (2012). According to Bejan, a hierarchical structure most effectively facilitates the flow of the current through a system. In our case, genes are the current passing through the system or population. Therefore, Bejan's logic claims that populations with a stricter reproductive hierarchy should evolve more quickly than populations with a weaker reproductive hierarchy, which indeed occurred in our simulation, as made evident through the higher BTVs of skewed populations than of non-skewed populations. We make no claims that our results suggest that reproductive skew is evolved due to the constructal law, instead we just note that our findings, that reproductive skew increases the rate of natural selection, are consistent with the logic behind Bejan's theory.
There is room for future work within the realm of ABMs to further investigate our hypothesis. For example, our results showed that reproductive skew did indeed affect the rate of natural selection; however, we did not study how the strictness of the hierarchy affects the speed of natural selection. For example, our dominant members receive 75% of the matings, while all subordinate members split the other 25%, what would happen if we made the hierarchy a stronger or weaker split? (95% versus 5% or 60% versus 40%). Additionally, how do other environmental conditions or different group sizes affect our results? Earlier, within this discussion section, we claim our results hold implications in conservation in that if habitats are shifting, due to global warming, species that exhibit higher levels of reproductive skew should be able to adapt more quickly to these changes and thus have a higher probability of survival. We have not yet directly implemented a changing habitat into the model; however, this poses an interesting question for future modeling projects.
As in every study, our study had a few limitations we would like to address. First, there were of course behaviors and environmental factors left out of our model for simplification. For example, there were no predators in our model, only a carrying capacity command. Furthermore, intragroup aggressiveness towards newborns was not modeled. (It is known that dominant females can act aggressively towards the offspring of non-dominant females in socially reproductive mammals.) Our non-grouped individuals cannot reproduce, which is unrealistic, and individuals cannot choose to leave a group. Additionally, modeling group size became unexpectedly difficult. While in natural populations groups tend to average around 20 members, all of our groups remained at their maximum size throughout the span of each run. Perhaps various probabilistic commands should have been added so group size followed a normal distribution around the average of 20 members per group.
